Abstract. The human lung fluke Paragonimus is transmitted by gastropod taxa of two superfamilies: Ceritheoidea and Rissooidea. The question whether or not Paragonimus shows the same specificity of host-parasite coevolved relationship as the human blood fluke Schistosoma was inspired by the finding of two sympatric snail species as hosts for Paragonimus skrjabini in Fujian Province, China: Gammatricula and Erhaia. The former species can clearly be classified as Pomatiopsidae: Triculinae. The latter has previously been classified as Pomatiopsidae: Pomatiopsinae. However, this classification based on anatomical characteristics is uncertain. In order to obtain a robust phylogenetic hypothesis for Erhaia, we have studied three gene fragments from this taxon as well as from twelve related taxa. The data show that the species involved represent four families: Pomatiopsidae, Hydrobiidae, Cochliopidae (here raised to family status), and Amnicolidae. Erhaia fits securely into the Amnicolidae. This indicates that P. skrjabini has not coevolved with snail lineages. However, P. skrjabini has so far only been reported from rissooidean snails, whereas members of the Paragonimus westermani complex have only been found in ceritheoidean snails. The implication is that there is a host specificity on the superfamily level. However, Asian freshwater species of the Ceritheoidea and Rissooidea usually are not sympatric and often prefer different habitats. It is therefore possible that ecological niche partitioning plays the primary role for Paragonimus evolution.
INTRODUCTION
Our studies on species status and genetic relationships of the human lung fluke Paragonimus throughout China were undertaken because of the considerable confusion about the identity of species, the lack of knowledge of species limits and variability, and the confusion concerning the snail hosts for these species.
The genus has more than forty described species and greater than half of them are found in China. 1 A review of snail hosts of Paragonimus world-wide exclusive of Africa lists 54 species belonging to the snail superfamilies Ceritheoidea and Rissooidea, of which 35 (65%) occur in China. 2 Incredibly, 22 species of the rissooidean family Pomatiopsidae have been implicated in the transmission of Paragonimus skrjabini; most of these snails belong to the subfamily Triculinae. Our current understanding of patterns of coevolution for the human lung fluke Paragonimus as well as the human blood fluke Schistosoma with prosobranch snails is given in Figure 1 . The established Gondwanian presence of Schistosoma in association with pulmonate and prosobranch snail lineages has been discussed elsewhere. 3 Figure 1 only involves the prosobranch rissooidean lineages since pulmonate-transmitted Schistosoma spp. do not infect humans. The divergence of pulmonate and prosobranch snails considerably predates the emergence of the modern rissooidean families seen in Figure 1 .
The fact that Paragonimus is transmitted by gastropod taxa of two superfamilies with five families evoked two questions: 1) As all evidence to date shows that Schistosoma species transmitted by caenogastropod snails have coevolved and that tight coevolving genetic linkages between snail and parasite are species-to-population specific, 3, 4 does Paragonimus have the same type of specificity of coevolution as Schistosoma? and 2) Paragonimus skrjabini has been reported as having 25 snail host species belonging to two subfamilies, three tribes, and four genera. Is this an indication that there are several cryptic species of P. skrjabini, or that there is little or no coevolved specificity, or both?
This research was inspired by the finding in 1997 of two sympatric species of Erhaia and Gammatricula in a small mountain stream in Fujian Province, China. At the top of the stream we found Erhaia living in dense shade. Some 50 meters below that we found a mixture of Erhaia and Gammatricula in a more open condition; about 50 meters farther downstream only Gammatricula was found. Parasitologists working on Paragonimus in Fujian stated that they had found P. skrjabini cercariae in both of these species in that stream. Current classification, based on anatomical and biogeographical data, places Erhaia in the pomatiopsid subfamily Pomatiopsinae (Tables 1 and 2 ). However, homoplasy of anatomical characters makes the higher classification of Erhaia uncertain. 5 The purpose of this paper is to present the results of a phylogenetic analysis of Erhaia based on sequences from three gene fragments. In order to obtain a well-supported and robust phylogenetic hypothesis for the ''difficult'' taxa introduced here, we use a combination of protein-coding/ nonprotein-coding and mitochondrial/nuclear gene fragments: cytochrome c oxidase subunit I (COI), 16S mt rDNA (16S), and 18S rDNA (18S). All genes have previously been used to assess family level relationships in gastropods. [6] [7] [8] These data will help to determine whether or not Erhaia has the phylogenetic relationships implied by the current classification for snails transmitting P. skrjabini in China. The findings in the field suggest that coevolution was not specific at the species, generic, or tribal levels. Would a molecular-based phylogeny support coevolution at the family level? If not, what are the implications for Paragonimus transmission?
MATERIALS AND METHODS
Taxa studied. Locality data for the 13 species studied are given in Table 2 . We chose species from a number of genera representing families and subfamilies considered closely related to Erhaia. Chinese species now classified as Erhaia were originally described as Bythinella or Pseudobythinella.
The former is a European genus and the latter is preoccupied. 9 Chinese workers considered the Chinese taxa to belong in the family Hydrobiidae s.s. Accordingly, we included in this study representatives of the Hydrobiidae (subfamilies Hydrobiinae and Nymphophilinae) ( Table 1) . European Bythinella is classified in the Amnicolinae or Amnicolidae based on anatomical data. 9,10 Therefore we included Bythinella as well as Amnicola. Japanese workers have classified snails transmitting Paragonimus miyazakii in Japan also as Bythinella (subgenus Moria), so we used this taxon for the analysis as well.
Other workers placed Erhaia in the family Pomatiopsidae. 9 Therefore we included representatives of two pomatiopsid subfamilies: 1) Oncomelania in Pomatiopsinae and 2) Gammatricula, Tricula, and Lacunopsis in Triculinae.
As an outgroup for the phylogenetic analyses a representative of the North American genus Heleobops was used. This taxon is classified as Hydrobiidae: Cochliopinae ( ϭ Littoridininae).
DNA preparation. Methods for preparing DNA from individual snails were as previously described. 8, 11 We isolated and sequenced DNA from an average of five individuals per population. For the higher level systematics in this work we used, however, only one sequence per population. The others will be used for subsequent studies of population genetics.
DNA amplification. The primers to amplify a fragment of the COI gene are: forward 5Ј-GGTCAACAAATCA-TAAAGATATTGG-3Ј and reverse 5Ј-TAAACTTCAGGGT-GACCAAAAAATYA-3Ј as described. 12 For better performance, the reverse primer was modified at position 24 (C→Y). The primers for amplification 16S rDNA are: forward 5Ј-CGCCTGTTTATCAAAAACAT-3Ј; reverse 5Ј-CCGGTCTGAACTCAGATCACGT-3Ј as described. 13 For amplification 18S rDNA the following primers were used: forward 5Ј-GCCAGTATATGCTTGTCTC-3Ј; reverse: 5Ј-AGACTTGCCTCCAATGGATCC-3Ј. 14 Vent R (exo Ϫ ) DNA polymerase (New England BioLabs, Beverly, MA) was used for the polymerase chain reaction (PCR). The quality of PCR products was determined by electrophoresis in a 1% agarose gel. Amplified DNA products were separated by electrophoresis in a 1% low melting point agarose gel in TAE buffer. The bands corresponding to a fragment of the correct size were cut out and the DNA purified using Wizard PCR preps (Promega, Madison, WI). Final DNA concentrations were determined on a DyNA Quant 200 fluorometer (Hoefer, San Francisco, CA).
Sequencing. Sequences were determined by automated cycle sequencing using the DNA sequencer Long ReadIR 4200 (LI-COR, Lincoln, NE). Lincelnand Thermo Sequenase fluorescent labeled primer cycle sequencing kit with 7-deaza-dGTP (Amersham Pharmacia Biotech, Piscataway, NJ) according to their protocols.
Data analyses. Sequences for each individual were assembled and edited using ESEE 3.0s. 15 In our sequences the first 2-10 base pairs beyond each primer were often rich in ambiguities. We therefore uniformly excluded the first and last ten base pairs (bp) of each sequence, leaving a 638 bplong fragment for the COI gene, a 478-487 bp-long fragment for the 16S gene, and a 487-585 bp-long fragment for the 18S gene. The sequences for the nonprotein-coding genes (16S, 18S) contained regions that were difficult to align. These sections were excluded from subsequent analyses, leaving a 463 bp-long fragment for the 16S gene and a 491 bp-long fragment for the 18S gene. All sequences are available from GenBank (Accession #s AF118370, AF212893 to AF212918, and AF 213339 to AF213350). Aligned sequences are available from the senior author upon request.
A distance matrix was computed using DNADIST of PHYLIP version 3.57. 16, 17 Maximum likelihood trees were generated using DNAML (PHYLIP 3.57). Twenty-five repetitions with empirical base frequencies, a transition:transversion ratio of 2:1, randomized input order, and optimization by global branch rearrangement were run for each analysis. Bootstrap estimates (500 replicates) for the combined sequences (COI, 16S, 18S) were made using program SE-QBOOT in conjunction with DNAML and CONSENSE (PHYLIP 3.57). Table 3 shows the distance matrix of sequence divergence over 1,592 nucleotide positions in the combined sequences of the COI, 16S, and 18S gene fragments. Maximum likelihood trees for the COI, 16S, and 18S genes as well as a tree based on analysis of combined sequences from all three gene fragments are given in Figures 2 and 3 .
RESULTS
The data presented here show the following: Heleobops is a robust outgroup in all gene trees. There are three wellsupported clusters in all trees; a pomatiopsid, hydrobiid (with the Nymphophilinae and Hydrobiinae), and amnicolid. Erhaia fits securely in the amnicolid cluster with Japanese Moria, North American Amnicola, and European Bythinella and therefore from here on Erhaia is referred to as an amnicolid. All gene trees have a similar topology. The congruence between the COI tree and the tree from the combined sequences is particularly strong, whereas in the 16S and 18S trees Bythinella wanders around, being basal to the pomatiopsid clade in the 16S tree, and an outgroup in the 18S tree.
The distinctiveness of the three clades and the outgroup taxon can also be demonstrated by plotting pairwise genetic distances of the combined COI, 16S, and 18S sequences for the higher taxa involved (Figure 4) . The pomatiopsids differ from the hydrobiids by an average genetic distance of 0.152 Ϯ 0.010 (n ϭ 8), from the amnicolids (including Erhaia) by 0.163 Ϯ 0.027 (n ϭ 8), and from the outgroup by 0.140 (n ϭ 5). The amnicolids differ from the hydrobiids by 0.185 Ϯ 0.027 (n ϭ 8) and from the outgroup by 0.180 (n ϭ 5). The hydrobiids versus the outgroup differ by 0.160 (n ϭ 5). Analysis of 500 alternative trees resulting from bootstrapping the combined sequences highly supports these clusters as well: the clades never break apart and no switching of taxa between these clades occurs except for Bythinella which is a second outgroup in 1% of the trees, is basal to the pomatiopsids in 4% of the trees, and is basal to the hydrobiids in another 1%.
DISCUSSION
Phylogenetic relationships, convergent evolution, and biogeography. The data are persuasive that four families are involved; the Amnicolidae, Hydrobiidae, Cochliopidae, and Pomatiopsidae. Erhaia is an amnicolid with Moria as its sister taxon. Erhaia had been classified as a pomatiopsid on the basis of two criteria: morphology and biogeography.
Morphology. The distinctive shell type and morphology of the central tooth of the radula where the same as seen in European Bythinella, which is the reason why Chinese workers called Chinese species Bythinella. However, the penis of Chinese taxa lacked a set of characters that are typical of European Bythinella, Amnicola, and Moria-the complex penial accessory appendage with a duct that extended posteriorly to coil in the neck with a terminal bulbous gland. The sperm enter the female reproductive system through a spermathecal duct that extends to the anterior end of the mantle cavity as is seen in all Pomatiopsinae, the difference being that in Erhaia the duct is fused (though not connecting) to the pallial oviduct (as in all Amnicolidae) while in the Pomatiopsinae the duct is separated from the pallial oviduct by a narrow gap.
Biogeography. It was hypothesized that the Asian Pomatiopsidae with the Schistosoma they transmitted were introduced in the late Miocene from the northeastern Indian Plate into the evolving river systems created by the Himalayan orogeny (e.g., Mekong, Yangtze). 3, 4, 18 All evidence gathered since 1979 reinforces this hypothesis. The type species of Tricula, Tricula montana Benson, 1843, occurs in northeastern India and studies show that the genus is widespread in Yunnan and Sichuan, China as well as northwest Thailand. 19 In 1985, a species of Erhaia was discovered close to the type locality of Tricula, 19 thus this genus is spread in an arc from northeastern India into Yunnan, China and down the evolving Yangtze into Hubei and Hunan Provinces with an outlying species in Fujian Province. There are no Hydrobiidae in India, southeast Asia, or China. The total evidence suggested that Erhaia evolved in northern India and its spread was parallel to that of pomatiopsid Tricula and Oncomelania. The Bythinella-like shell and radula of Erhaia were thought to arise by convergent evolution. 9, 10, 19 However, the possibility that the shell and radular data might indeed indicate an amnicolid relationship and that the molecular data were necessary to resolve the issue was raised. 5 We now consider the issue resolved.
Resolution of the phylogeny leaves in its wake the biogeographic problem of where Erhaia evolved and how it got into India. The Amnicolidae are ancient, with representatives in Europe, North America, Japan, China, and India. Sister taxon relationships link Erhaia and Japanese Moria and these two link next to North American Amnicola. The loss of the penial appendage complex in Erhaia indicates that this is a derived condition which makes the occurrence of Erhaia in India all the more problematic. Compounding this biogeographic problem is the fact that the Japanese Islands are geologically very young, i.e., very late Miocene. The data suggest a North American-Japan-China-India axis of relationship with Amnicola of North America the oldest.
The coevolution issue. As stated in the introduction, what has been called Paragonimus skrjabini in Fujian Province has been found sympatric in two genera of snails. Gammatricula is confirmed on the basis of anatomy and molecular genetics to be a pomatiopsid genus. With Erhaia now shown to be an amnicolid, it is clear that the species of Paragonimus in question has not coevolved with evolving snail lineages, but was able to jump snail hosts without regard to snail phylogeny (unless it is necessary that the snail host be of the superfamily Rissooidea). This would explain the association of so-called P. skrjabini with 22 gastropod species classified, on the basis of these results, as Pomatiopsidae and Amnicolidae. However, one must consider the possibility that there is a cryptic P. skrjabini species complex and that the parasites transmitted in the one Fujian stream habitat by snails of two different families, belong to different, but closely related species. A DNA analysis of cercariae from the different snails should settle the question. If this were the case, considering all of China, there may be additional species in such a complex. However, if there is a cryptic species complex, it would be of closely-related sister species that have come to infect genetically divergent families of snails.
No Paragonimus skrjabini has been reported from ceritheoidean snails such as Semisulcospira or related genera. Semisulcospira is the snail host for Paragonimus westermani in Japan, Korea, Taiwan, and eastern China from the northeastern to the southern provinces. It lives in streams in hilly areas where P. skrjabini has also been reported. The ecological difference is that snails transmitting P. skrjabini all live in very small trickles of cold fresh water or in quite small streamlets of clean water up in the higher aspects of hills and mountains. There is a considerable gap spatially and ecologically to the habitat where several small streamlets join to form a wider stream with various niches ranging from deep pools, riffles, and wide depositional areas where Semisulcospira is typically found. The implication is that at the superfamily level there are historic requirements enforcing what makes a suitable host for Paragonimus. The P. westermani complex is transmitted by genera of the ceritheoidean families, Thiaridae and Pleuroceridae. Semisulcospira is a pleurocerid snail. In southwestern China and southeastern Asia and India, a member of the westermani complex is transmitted by Brotia of the Thiaridae.
Where ecology is concerned, to our knowledge Asian freshwater ceritheoideans are not sympatric with rissooidean snails. In China, Semisulcospira is not found at as high an elevation in tiny mountain streams as Erhaia or triculine species transmitting Paragonimus skrjabini. It is possible that Paragonimus evolution has more to do with ecological niche partitioning and much less to do with which freshwater prosobranch snail is available as a host.
Implications for rissooidean phylogeny. A general discussion of the classification of hydrobiid snails is beyond the scope of this work and, based on the limited set of taxa used in this study, not possible. However, our data are, in combination with other sequencing data (Wilke T and Davis GM, unpublished data) and previously published sequences, 8 sufficient to make some decisions concerning family level relationships within the Rissooidea and the relevance of these taxa for Paragonimus transmission. We raise the Cochliopinae (ϭ Littoridininae) to family status as previously suggested. 20 This decision is supported by unpublished sequence data we have obtained from other cochliopid genera (Spurwinkia, Littoridinops, Onobops, and Pyrgophorus), that show that the Cochliopidae form a clade distinct from the Hydrobiidae. We have yet to study the type genus of that taxon, Cochliopa Stimpson, 1865 with its type species Coch- liopa rowelli (Tryon, 1863). However, extensive morphological and anatomical studies have shown that Cochliopa and the other cochliopid genera mentioned above are closely related and form a distinct group. 24 We therefore believe our taxonomic act is justified even without available molecular data for the type species.
There are similar relationships between the Amnicolidae and the Hydrobiidae. The former taxon either has been considered to be a subfamily of the Hydrobiidae or a full family. Our data for various amnicolid taxa, including the type species of Amnicola Gould & Haldemann, 1840-Paludina porata Say, 1821 (ϭ Amnicola limosa Say, 1817), 21 indicate that family status is more appropriate, reflecting its demonstrated phylogenetic relationships within the Rissooidea.
Family status for the Cochliopidae and Amnicolidae has relevance for understanding Paragonimus transmission. Both snail taxa have representatives involved in the transmission. However, removing these families from the Hydrobiidae means that none of the remaining hydrobiid taxa are known to be involved in Paragonimus transmission. The family Hydrobiidae still remains a species-rich group. More taxa will be discovered and some of these taxa could possibly be found to transmit Paragonimus. However, on the data presented here, only four rissooidean families are now known to be involved in Paragonimus transmission: Pomatiopsidae, Assimineidae, Amnicolidae, and Cochliopidae ( Figure 5 ).
